During fasting, profound changes in the regulation of the hypothalamus-pituitary-thyroid axis occur in order to save energy and limit catabolism. In this setting, serum T 3 and T 4 are decreased without an appropriate TSH and TRH response reflecting central down-regulation of the hypothalamus-pituitary-thyroid axis. Hepatic thyroid hormone (TH) metabolism is also affected by fasting, because type 3 deiodinase (D3) is increased, which is mediated by serum leptin concentrations. A recent study showed that fasting-induced changes in liver TH sulfotransferases (Sults) and uridine 5=-diphospho-glucuronosyltransferase (Ugts) depend on a functional melanocortin system in the hypothalamus. However, the pathways connecting the hypothalamus and the liver that induce these changes are currently unknown. In the present study, we investigated in rats whether the fasting-induced changes in hepatic TH metabolism are regulated by the autonomic nervous system. We selectively cut either the sympathetic or the parasympathetic input to the liver. Serum and liver TH concentrations, deiodinase expression, and activity and Sult and Ugt expression were measured in rats that had been fasted for 36 hours or were fed ad libitum. Fasting decreased serum T 3 and T 4 concentrations, whereas intrahepatic TH concentrations remained unchanged. D3 expression and activity increased, as was the expression of constitutive androstane receptor, Sult1b1, and Ugt1a1, whereas liver D1 was unaffected. Neither sympathetic nor parasympathetic denervation affected the fasting-induced alterations. We conclude that fasting-induced changes in liver TH metabolism are not regulated via the hepatic autonomic input in a major way and more likely reflect a direct effect of humoral factors on the hepatocyte. (Endocrinology 155: 5033-5041, 2014 ) Endocrinology, December 2014, 155(12):5033-5041 endo.endojournals.org 5033 de Vries et al Hepatic TH Metabolism During Fasting Endocrinology, December 2014, 155(12):5033-5041 de Vries et al Hepatic TH Metabolism During Fasting Endocrinology, December 2014, 155(12):5033-5041 de Vries et al Hepatic TH Metabolism During Fasting Endocrinology, December 2014, 155(12):5033-5041
D uring fasting, profound changes occur in the regulation of the hypothalamus-pituitary-thyroid (HPT) axis in order to adapt to the shortness of food and save energy (1) . Besides a down-regulation of the central part of the HPT axis, mediated by increased expression of type 2 deiodinase (D2) in the mediobasal hypothalamus and a decrease in TRH expression in the paraventricular nucleus of the hypothalamus (PVN) (2, 3) , peripheral thyroid hormone (TH) metabolism is also affected by fasting (4) . The combination of both pe-ripheral and central adaptations results in the fasting induced decrease in serum TH concentrations.
Three major pathways are responsible for liver TH metabolism: deiodination, sulfation, and glucuronidation. Deiodination involves the removal of iodine atoms from THs by deiodinating enzymes. D1 and D3 are expressed in the liver, although D3 activity in the adult liver is low. D3 is the main inactivating enzyme, converting T 3 into T 2 and T 4 into rT 3 , whereas D1 is involved in the production of T 3 out of T 4 and the clearance of rT 3 . Sulfotransferases (Sults) and uridine 5=-diphospho-glucuronosyltransferase (Ugts) catalyze the addition of a sulfate or glucuronic acid group to T 4 and T 3 , increasing the solubility of the molecule and thus enhancing clearance via the bile (5) (6) (7) . In addition, sulfation facilitates the degradation of TH by D1 by increasing the substrate affinity (8) . Sults and Ugts are downstream of the constitutive androstane receptor (CAR), which senses both endo-and xenobiotics and is known to be involved in TH metabolism (9, 10) .
Liver D3, CAR, and TH degrading Sults and Ugts are increased during fasting, which might result in increased clearance of TH from the circulation (4, 9, 11) .
The mechanism of increased hepatic degradation of TH is currently unknown. We recently showed that the fasting-induced drop in circulating leptin mediates the increase in liver D3 activity upon fasting (4) . Leptin had already been identified as one of the key regulators of the central HPT axis, because it can restore the fasting induced decrease of prepro-TRH in the PVN (12) . However, it is unknown whether the increase in liver D3 is mediated centrally or peripherally via leptin receptors expressed on the hepatocyte (13) .
Many central effects of leptin are mediated via the arcuate nucleus of the hypothalamus (ARC), where distinct subpopulations of neurons are responsive to circulating leptin concentrations. Neuropeptide Y (NPY) and Agouti related peptide expressing neurons in the ARC are inhibited by leptin. Conversely, neurons expressing pro-opiomelano-cortin/amphetamine-regulated transcript are activated by leptin. Interestingly, in mice deficient in melanocortin receptor 4 (MC4R) (receptor for POMC) and NPY, thus lacking a functional melanocortin system, the fastinginduced changes in liver Sults, Ugts, and CAR expression are prevented (14) .
The hypothalamus is anatomically connected with peripheral organs via the autonomic nervous system (ANS) (15, 16) . Sympathetic (Sx) input to the liver is controlled via preautonomic neurons in the PVN and lateral hypothalamus, which project directly or via the brain stem to the preganglionic neurons in the intermediolateral nucleus of the spinal cord. Parasympathetic (Px) (vagal) input to the liver travels from the hypothalamus via the dorsal motor nucleus of the vagus in the brainstem. The ANS is known to be involved in many processes in the liver that are under the control of the hypothalamus, including hepatic lipid (17, 18) and glucose metabolism (19) . Interestingly, the Sx input to the liver was shown to be important for the effect of fasting induced NPY release from the ARC on hepatic lipid metabolism (17) , indicating that Sx activity might be increased during fasting.
In the present set of experiments, we tested the hypothesis that the hepatic autonomic nervous input is one of the determinants of the fasting-induced changes in liver TH metabolism. To this end, we determined the effect of selective hepatic denervations of either its Sx or Px input on liver TH metabolism in rats after 36 hours of starvation. 
Forward, 5Ј-TCCTCGCTGGAAATGTGGCCT-3Ј 60 Reverse, 5Ј-TGCCCTTCCCTCTTTTCCCACCA-3Ј S1c1
Forward, 5Ј-CCACCCCTCAACTCAGGTCTGGA-3Ј 65 Reverse, 5Ј-AGGGTACCAGGGTCAGGCAGC-3Ј Ugt1a1
Forward, 5Ј-TGGTGTGCCGGAGCTCATGTTCG-3Ј 60 Reverse, 5Ј-AGACAGCAGCATACTGGAGTCCC-3Ј Fas Forward, 5Ј-CTTGGGTGCCGATTACAACC-3Ј 65 Reverse, 5Ј-GCCCTCCCGTACACTCACTC-3Ј Spot14
Forward, 5Ј-ACGGGGCAGGTCCTGTAGGT-3Ј 65 Reverse, 5Ј-AGCCGCCTTTGCATCCACCTG-3Ј MCT8
Forward, 5Ј-CCGAAGGTGGCTTCGGCTGG-3Ј 65 Reverse, 5Ј-TGATCCGGCAGCCCAAACGG-3Ј MCT10
Forward, 5Ј-GACCGCCTATGCCGTGTGGG-3Ј 65 Reverse, 5Ј-CGGCCGAAGAGAAGCCGTCC-3Ј
Materials and Methods

Animals
Male Wistar rats weighing 250 -280 g (Charles River Breeding Laboratories) were housed individually after surgery in a 12-hour light, 12-hour dark cycle. Chow and water were provided ad libitum unless stated otherwise. All procedures were approved by the Animal welfare committee of the Academic Medical Center of the University of Amsterdam.
Surgery
After 1 week of acclimatization in the Academic Medical Center animal facility, rats underwent either a sham, hepatic Sx, or hepatic Px denervation as described earlier (20) . For the Sx, the nerve bundles running along the hepatic artery proper were dissected as well as any connective tissue between the portal vein and the hepatic artery. The effectiveness of the Sx denervation was checked by measuring noradrenaline concentration in the liver using an in-house HPLC method (21) . Only Sx animals that had a liver noradrenaline concentration of less than 20% of that of sham-operated rats were included for further analysis. For the Px, the ventral vagal branch to the liver was transected. The effectivity of the operation in this experiment was not confirmed, but the method for selective hepatic parasympathectomy was previously validated using retrograde viral tracing (20) and shown to have an effectiveness of more than 90%. Sham-operated animals under-went the same surgery except for the dissection of the nerves. All the procedures were carried out under anesthesia with ketamine/xylazine/atropine (1.4-mL mix/kg body weight, 80-mg/kg ketamine, 8-mg/kg xylazine, and 1-mg/kg atropine) administered ip.
Fasting experiment
After surgery the rats were allowed to recover to presurgery body weight for at least 10 days. On day 0, food was removed from the cages just before lights off. In the early morning of day 3, ie, after 2 nights and 1 day (36 h) of food deprivation, rats were killed with an overdose of pentobarbital (120-mg/kg body weight). Trunk blood samples was collected, spun down, and serum was stored at Ϫ20°C until analysis. The left lateral liver lobe was dissected, snap frozen in liquid nitrogen, and stored in Ϫ80°C until further use.
Deiodinase activity
For deiodinase activity measurements samples were homogenized on ice in 10 volumes of PE buffer (0.1M sodium phosphate and 2mM EDTA [pH 7.2]) using a polytron (Kinematica). A total of 20mM dithiothreitol was added to the PE buffer for D1 activity measurement and 50mM for D3. Homogenates were snap frozen in aliquots and stored in Ϫ80°C until further use. Protein concentration was measured with the Bio-Rad protein assay using BSA as the standard following the manufacturer's instructions (Bio-Rad Laboratories).
Type 1 deiodinase
Liver D1 activity was measured by duplicate incubations of 75-L 300 times diluted homogenate for 30 minutes at 37°C in a final volume of 0.15 mL with 0.1M rT 3 with the addition of approximately 1 ϫ 10 5 counts per minute [3Ј5Ј 125 I]rT 3 in PE buffer. One sample of each group was incubated in the presence of 500M propylthiouracil (PTU) in order to inhibit D1 activity representing a tissue blank. Reactions were stopped by the addition of 0.15-mL ice-cold ethanol. After centrifugation, 0.125 mL of the supernatant was added to 0.125-mL 0.02M ammonium acetate (pH 4.0), and 0.1 mL of the mixture was applied to 4.6 ϫ 250 mm Symmetry C18 column connected to a waters HPLC system (model 600E pump, model 717 WISP autosampler; Waters). The column was eluated with a linear gradient of acetonitrile (28%-42% in 15 min in 0.02M ammonium acetate [pH 4.0] at a flow of 1.2 mL/min). The activity of rT 3 and 3,3ЈT 2 in the eluate was measured online using a Radiomatic 150 TR flow scintillation analyzer (PerkinElmer). D1 activity can be calculated by subtracting the activity measured in the tissue blank from the activity measured without PTU. D1 activity was expressed as pmol generated 3,3ЈT 2 per minute per mg protein. 
Type 3 deiodinase
D3 activity was measured with the same method as D1 with the next modifications. Duplicate incubations of 75 L of homogenate were incubated for 120 minutes at 37°C with the addition of 1nM unlabeled T 3 , 500M PTU, and 2 ϫ 10 5 counts per minute [3Ј 125 I]T 3 in a final volume of 0.15-mL PE buffer for D1 activity measurement and 50mM buffer. One sample of each group was incubated in the presence of 500nM unlabeled T 3 to inhibit D3 activity representing a tissue blank. The activity measured with 1nM T 3 minus the incubation with 500nM T 3 represents true D3 activity. D3 activity was expressed as fmol generated 3,3ЈT 2 per minute per milligram of protein.
Thyroid hormones
Serum T 3 and T 4 concentrations were measured with in-house RIAs (22) . All samples of one experiment were measured within the same assay (intraassay variability: T 3 , 3.6% and T 4 , 6.6%).
THs in tissue
Liver concentrations of T 3 and T 4 were measured with an liquid chromatography mass spectrometry method as described before (23, 24) with some modifications. Briefly, for the determinations of T 4 and T 3 in tissues, 50-mg frozen tissue was added to a plastic 2-mL tube containing 150-mg zirconia beads, 400-L methanol, and 40-L 13 C 6 -labeled internal standards (23) . Samples were homogenized using a Magna Lyser (Roche Molecular Biochemicals) and transferred to 5-mL glass tubes. The plastic tubers were rinsed with 500-L methanol, and this was added to the homogenate. Chloroform (1.8 mL) was then added in a volume double that of the amount of methanol contained in the tissue homogenate. Samples were mixed on a Vortex for 15 seconds. The extraction was carried out in 2 steps, interspaced with centrifugations for 10 minutes at 3000 rpm. In the seconds step, a mixture of 0.9-mL chloroform-methanol (2:1) was added to the pellet. The final volume of extract was about 40 times the weight of tissue plus the volume of the internal standard, as described in Ref. 25 . The chloroform-methanol extracts were transferred to glass tubes for back-extraction of the iodothyronines into an aqueous phase with 0.05% CaCl 2 , using the next calculation: 0.05% CaCl 2 (mL) ϭ final volume extracts (mL) ϫ 1/4 Ϫ (tissue weight [g] ϫ 0.8) Ϫ volume internal standard (mL). Followed by a second extraction with pure upper phase (chloroform:methanol:0.05% CaCl 2 3:49:48).
The iodothyronines in the pooled aqueous phases were concentrated and further purified using a small Bio-Rad AG 1 ϫ 2 resin column (bed volume, 0.5 mL) in a Pasteur pipette, as described in Ref. 26 , and eluted in a volume of 2-mL 70% acetic acid. Eluates were then evaporated to dryness and taken up in 200-L 0.1% NH 4 OH. The iodothyronines were measured on an Acquity UPLC-Xevo TQ-S tandem mass spectrometer system equipped with a Z-Spray ion source operated in positive electrospray ionization mode (Waters). All aspects of system operation and data acquisition were controlled using MassLynx version 4.1 software with automated data processing using the QuanLynx Application Manager (Waters).
RNA isolation and quantitative polymerase chain reaction (qPCR)
RNA was isolated using the Magna Pure apparatus (Roche Molecular Biochemicals) and the Magna pure tissue III total RNA kit (Roche Molecular Biochemicals). RNA yield was determined using the Nano drop (Nanodrop), and cDNA was synthesized with equal RNA input with the First strand cDNA synthesis kit for qPCR with oligo d(T) primers (Roche Molecular Biochemicals). As a control for genomic DNA contamination, we included a cDNA synthesis reaction without reverse transcriptase. Quantitative PCR was performed using the Light-Cycler 480 and LightCycler 480 SYBR Green I Master mix (Roche Molecular Biochemicals). The primers used are displayed in Table 1 .
Quantification was performed using the LinReg software. PCR efficiency of each sample was calculated, and samples that had a deviation of more than 5% of the mean efficiency value of the assay were excluded. Calculated values were normalized by the housekeeping gene expression (Cyclophilin and TATA box binding protein), which were selected to be stable among different groups. 
Statistics
Differences between groups were evaluated using two-way ANOVA with 2 grouping factors (surgery and fasting). Normal distribution of the data was tested using the Shapiro-Wilk test on the residues of the ANOVA. If not normally distributed, data were ranked before performing ANOVA. P values in the figures represent the significant effects of surgery (ptreat) and fasting (pfasting). In order to correct for multiple testing, P values were only considered significant when less than 0.01 in the case of mRNA studies and less than 0.025 in the case of TH and deiodinase studies. To test pair-wise comparisons, ANOVA was followed by Student's t test if data were normally distributed, or by Mann-Whitney U tests if not normally distributed. Symbols in the figures represent the pair-wise P values. P values of less than 0.025 were considered statistically significant to correct for the 2 performed t tests. All tests were performed using SPSS.
Results
The effect of fasting on hepatic noradrenaline content
Hepatic noradrenaline content was measured in all rats from the Sx experiment. Sx denervation was considered successful when noradrenaline content was less than 20% of that of the sham group, which was the case in more than 80% of the denervated rats. We also measured noradrenaline content in the sham-fed and sham-fasted rats and did not observe a difference between the groups (42.4 Ϯ 16.4 vs 52.8 Ϯ 16.6 ng/g) (data not shown).
The effect of denervation and fasting on serum T 3 and T 4 concentrations
Fasting resulted in a similar decrease of serum T 3 concentration in sham and Sx rats ( Figure 1A) . Serum T 4 concentrations also decreased after fasting in both sham and Sx rats, but basal T 4 concentrations were significantly lower in Sx rats compared with the sham-operated group ( Figure 1B) .
Px denervation did not affect basal concentrations or the decrease in serum T 3 and T 4 after a 36-hour starvation (Figure 1, C and D) .
The effect of denervation and fasting on liver TH transporter and deiodinase expression
Liver monocarbosylate transporter (MCT)8 did not change after a 36-hour fasting and was also not affected by Sx or Px denervation. Liver MCT10 increased after a 36-hour fasting, and this increase was not affected by Sx or Px denervation (data not shown).
Liver D3 mRNA expression and activity increased after a 36-hour fasting, and this increase was not affected by Sx ( Figure 2, A and B) or Px denervation ( Figure 3, A and B) . Liver D1 mRNA expression and activity were not significantly affected by fasting, Sx (Figure 2 , C and D), or Px denervation (Figure 3, C and D) .
The effect of denervation and fasting on liver CAR, Sult1b1, and Ugt1a1 expression
Liver CAR mRNA expression increased upon fasting, and this increase was not affected by either Sx (Figure 4A ) or Px ( Figure 4B ). The expression of Sult1b1, a CAR-responsive gene, showed an overall significant increase after fasting in Sx rats ( Figure 4C ). There was no significant effect of either Sx or Px denervation on Sult1b1 expression ( Figure 4, C and D) .
UDP-glucuronosyltransferase Ugt1a1 mRNA expression increased after a 36-hour fasting in the sham, Sx, and Px groups, and dener- 
The effect of denervation and fasting on liver metabolic status and TH concentrations
Fasting status of the liver was confirmed by evaluating fatty acid synthase (Fas) and Spot14 mRNA expression. Fasting significantly decreased the expression of both genes (Spot14 by 90% and Fas by 75%) (data not shown). Fasting did not have an effect on intrahepatic T 3 concentrations, and liver T 3 was also not affected by Sx or Px denervation ( Figure 5 , A and C). A small overall effect of fasting was found in liver T 4 concentrations of Sx rats ( Figure 5B ), but no differences between groups were observed. Liver T 4 was not different in fed and fasted Px rats ( Figure 5D ).
Discussion
During fasting, the body adapts to the restricted caloric intake via the secretion of hormones and by regulating the activity of the ANS (reviewed in Ref. 27) . Fasting is associated with a decrease in serum T 4 and T 3 , which limits the use of energy by decreasing energy expenditure (1) . The lowering of serum T 3 concentrations during fasting is partly regulated via peripheral mechanisms, including increased degradation of T 3 by D3 and an increased clearance of T 3 mediated by sulfation and UDP-glucuronidation (28) . Fasting also leads to prominent changes in the hypothalamus, such as increased expression of D2, which subsequently lowers TRH expression, contributing to the down-regulation of the HPT axis (2, 29) . A recent study in mice showed that NPY and the MC4R, important hypothalamic signaling pathways, are necessary for the fastinginduced increase in liver Sults and Ugts, suggesting the involvement of a central component in these peripheral adaptations. However, the anatomical substrate for this connection was beyond the scope of that study (14) . The ANS is an attractive candidate, because the fasting-induced increase in very low density lipoprotein secretion by the liver is mediated via increased activity of Sx input to the liver and regulated via NPY in the hypothalamus (17) . In addition, hepatic glucose metabolism and insulin sensitivity are determined by the ANS in addition to humoral factors (30) . We therefore hypothesized that the ANS plays a role in the fasting-induced effects on liver TH metabolism. To test our hypothesis, we selectively cut either the Sx or Px nerve to the liver and studied hepatic TH metabolism after 36 hours of starvation.
Fasting for 36 hours resulted in significant decreases in serum T 3 and T 4 , a marked increase in liver D3 mRNA expression and activity, and increased liver CAR and Ugt1a1 mRNA expression. Sx denervation did not affect the fasting-induced alterations in serum T 3 and T 4 , liver D3 expression and activity, and CAR and Ugt1a1 mRNA expression, although Sx denervation by itself was associated with slightly lower serum T 4 concentrations in the fed state. The latter is in accordance with an earlier study of our group, although the mechanism is still unclear (21) . This difference cannot be explained by altered peripheral metabolism, because hepatic D3 and D1 activity were similar in both groups. The similar response in Sult1b1 and Ugt1a1 in denervated and sham-operated animals does not support a role for Sults and Ugts either, although we only measured the mRNA expression of these enzymes. Nevertheless, the absence of an increase in Sult mRNA expression is in concurrence with an earlier study that did not find any effects of fasting on Sult activity in the rat (6) .
Px denervation of the liver did not affect the fastinginduced changes in serum T 3 and T 4 concentrations and peripheral TH metabolism. This is perhaps not surprising, because the Px nervous system has been shown to be more important in the postprandial phase as exemplified by the observation of increased postprandial triglyceride secretion from the liver after selective denervation of the Px nerve (18) .
Neither fasting nor denervation altered the T 3 and T 4 tissue concentration in the liver. This indicates that the 3-fold increase in D3 activity is not sufficient to decrease liver T 3 and T 4 concentrations. This is in accordance with the finding of Galton et al (28) , who found unchanged or even increased liver T 3 and T 4 concentrations within 16-to 36-hour fasted mice. To further explain the apparent discrepancy between high D3 activity and normal hepatic TH concentrations, we quantified the expression of TH transporters MCT8 and MCT10. MCT10 expression was increased upon fasting, whereas MCT8 expression was unchanged. MCT10 has been shown before to be a very efficient transporter of T 3 (31) . It is thus tempting to speculate that the increased D3 activity is needed to break down the T 3 that is shuttled into the liver during fasting.
Our experimental set up (denervation Ϫ loss of function) is based on the assumption that fasting changes Sx nervous activity. Niijima (32) described that glucose administration inhibits the sympathetic nervous system (SNS), whereas decreased blood glucose activates the SNS. However, it is also possible that a 36-hour fasting does not activate but rather suppresses the Sx nervous system. Landsberg et al (33) showed that noradrenaline turnover in the liver, a measure for Sx activity, decreased in 18-to 48-hour fasted rats, indicating a suppressed Sx nervous system. We did not find any differences in noradrenaline content in the livers of fasted vs fed rats. However, noradrenaline turnover and content are derivatives that might not be sensitive enough to reflect true SNS activity. In addition, SNS output to various tissues differs; with fasting it selectively increases towards white adipose tissue to mobilize fat stores but decreases towards BAT to conserve energy (34) .
We recently showed in mice that the fasting-induced increase in liver D3 could be prevented by leptin administration during the fasting period (4), pointing to the fasting-induced drop of plasma leptin concentrations as the main regulator of liver D3 activity/expression. It is, however, unknown whether this is a direct effect of leptin on the hepatocyte or an indirect effect via leptin sensitive hypothalamic neurons that affect the liver via the ANS. Both leptin and MC4R receptors are expressed on hepatocytes (35, 36) , and the knockout mice used by Vella et al (14) lack NPY and MC4R globally. Our results strongly suggest that a direct effect of hormones on the hepatocyte is more likely. This is further supported by the observation that leptin stimulation of primary embryonic chicken hepatocytes increases the expression of D1 while decreasing the expression of D3 (37) . In conclusion, 36-hour fasting results in profound changes in liver TH metabolism; D3 activity and TH degrading and Ugts increase, whereas D1 activity remains unchanged. These changes do not result in altered intrahepatic T 3 and T 4 concentrations, likely because of enhanced uptake of T 3 and T 4 by the liver. Sx or Px denervation of the liver does not affect these fasting-induced alterations. We therefore conclude that the autonomic nervous input to the liver, although essential for the regulation of liver glucose and lipid metabolism in the fed and fasted state, is not essential for the fasting-induced response of liver TH metabolism.
